2+ homeostasis is associated with various pathological conditions and arrhythmogenesis of the heart. The objective of this study was to investigate the effects of an acute increase in intracellular Ca 2+ concentration ([Ca 2+ ] i ) on the electrophysiology of ventricular myocytes by mimicking intracellular Ca 2+ overload. The [Ca 2+ ] i was clamped to either a controlled (65-100 nmol
The inorganic calcium ion (Ca 2+ ) is one of the most universal and important messengers in living cells and is responsible for signal transduction and regulation of vital functions [1] . [6] , and the proarrhythmic activity of drugs [7] [8] [9] . Increases in free oxygen species also result in intracellular Ca 2+ overload and ventricular arrhythmogenesis [10, 11] .
Cytosolic Ca 2+ is normally about 10 −7 mol L −1 in the resting condition and may rise to 10 −5 mol L −1 at 1-5 ms after after depolarization. In animal or human cardiomyocytes, intracellular Ca 2+ overload is associated with initiation and maintenance of both atrial and ventricular arrhythmic activities, including fatal ventricular tachycardia and ventricular fibrillation [7, 11, 12] . The main mechanism of Ca 2+ -induced arrhythmias is alteration of the membranous ionic currents, which results in shortening the action potential duration (APD), reducing the effective refractory period (ERP), and making reentry easier [10, 13] .
Several pathological models have been used to investigate the effects of calcium overload on membrane currents, including elevated extracellular calcium concentration [6] , increased intracellular sodium concentration [14] , heart failure [15] , myocardial ischemia/reperfusion [2] , and use of drugs (caffeine [4] or digitalis [5] ). In addition, some other research related to the mechanism of intracellular Ca 2+ -de-pendent signaling transduction, including CaMK-II [15, 16] , Ras [17] , and PKC [18, 19] , for example, have gained substantial progress in terms of channel currents. These pathological models of elevated [Ca 2+ ] i mimic the condition of calcium overload by a series of cellular reactions that may interfere with the effectiveness of the calcium overload. Therefore, some of the conclusions of these studies tend to be contradictory, which makes this issue even more controversial. As an example, it is difficult to tell whether the changes in action potential and various membrane currents were the result of the direct increase of intracellular Ca 2+ [20] .
1 Materials and methods EGTA, 50 L-glutamic acid, 20 taurine, 10 HEPES, and 10 glucose (pH 7.4, adjusted with KOH). The ventricles were cut into small chunks and gently agitated in KB solution. The cells were filtered through nylon mesh and stored in KB solution at 4°C.
Cardiomyocyte isolation

Whole-cell patch clamp technique
The single-pipette whole-cell patch clamp technique using a patch clamp amplifier (EPC-10 USB; HEKA Electronics, Lambrecht/Pfalz, Germany) was applied to record transmembrane potentials and ion currents at configurations of either a current clamp or a voltage clamp, respectively. A cell suspension of 100 μL was transferred to a small chamber mounted on the stage of an inverted microscope and allowed to adhere to the glass bottom of the chamber for 5 min. The cardiomyocytes, characterized by smooth, glossy edges and surfaces and clear transverse striations without contraction were used for this study. Sealing resistance was maintained above 1 GΩ. An 80% compensation of series resistance was achieved without ringing. Residual linear and capacitance were subtracted using a P/4 leak-subtract protocol.
Currents recorded from cells were filtered at 1 kHz, digitized at 10 kHz, and saved in a computer hard drive for measurement. All experiments were carried out at room temperature (22-24°C). −6 mol L −1 in the absence of EGTA [21] .
Determination of transmembrane action potentials and ionic currents
For recording an action potential (AP), the pipette solution contained (mmol L −1 ): 120 KCl, 1 CaCl 2 , 5 MgCl 2 , 5 Na 2 ATP, 11 EGTA, 10 HEPES, and 10 glucose (pH 7.3, adjusted with KOH). The bath solution was the Tyrode solution (see above) containing 1.8 mmol L −1 CaCl 2 . APs were elicited by depolarizing pulses delivered in a width of 5 ms and 1.5-fold above the threshold at a rate of 1 Hz. For I K1 , whole-cell currents were elicited by applying 300-ms hyperpolarizing or depolarizing voltage steps between −100 and −10 mV in 10-mV increments from a holding potential of −40 mV to inactivate the sodium channel at a rate of 0.2 Hz. I K1 was a series of large-amplitude steadystate outward currents with strong rectifier characteristics that could be selectively blocked by BaCl 2 . The steady-state current density at the end of the clamp pulses was measured at a test pulse of −80 mV, with an approximated resting potential as an index.
I K-step was elicited with depolarizing pulses of 1.5 s from −40 mV to +40 mV at a rate of 0.1 Hz. I K-tail was measured as an index at a test pulse of +40 mV when the repolarization current was set back to −40 mV. A combination of E-4031 at 10 μmol L −1 and chromanol 293B at 30 μmol L −1 was used to block I Kr and I Ks , respectively.
Experimental protocols
Cells were randomized into two groups. . APs and ion currents were recorded every minute for a total of 8 min in both cell groups.
Data analysis
All data were presented as mean±SD and analyzed using FitMaster (v2x32; HEKA) and SPSS 13.0 (SPSS, Chicago, IL, USA). Current density (i.e., amplitude of the current divided by membrane capacitance) was selected for analysis.
Figures were plotted by Origin (V7.0; OriginLab, Northampton, MA, USA). Student's t-test was used to determine the difference between two groups of data. One-way and two-way analyses of variance (ANOVA) were used to determine the differences of the time-dependent effects. P≤0.05 was considered statistically significant.
Drugs and reagents
Collagenase type I and BSA were purchased from Gibco (Gibco, Invitrogen, Paisley, UK) and Roche (Basel, Switzerland). Tetrodotoxin was provided by Hebei Fisheries Research Institute (Qinhuangdao, China). All other chemicals, including E-4031 and Chromonal 293B, were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Figure  1A) , control values of the resting potential (RMP), AP amplitude (APA), and maximum depolarization velocity (V max ) were (−80±2.5) mV, (120±8) mV, and (213±22) V s −1 , respectively. The APDs at 90% (APD 90 ), 50% (APD 50 ), and 30% (APD 30 ) of repolarization were (317±27), (270±23), Figure 1A ), the RMP, APA, and V max at 1 min were (−78.0±1.5) mV (P<0.05 vs. control), (116±9) mV, and (201±18) V s −1 , respectively. The RMP, APA, and V max were significantly reduced, by 18%, 18%, and 17%, respectively, at 5 min compared with that at 1 min and the control values (n=11, P<0.01; Table 1, Figure 1 ). The APD 90 , APD 50 , and APD 30 were shortened by 26%, 21%, and 9%, respectively, at 1 min (n=15, P<0.05-0.01 vs. control and at 1 min) and by 68%, 73%, and 77%, respectively, at 5 min (n=15, P<0.01; Figure 1A ). All of these parameters reached steady-state after exposure to acutely increased [Ca 2+ ] i for 5 min.
Results
Effects of increased [
In myocytes exposed to increased [Ca 2+ ] i , delayed afterdepolarization (DAD) was found in five of 15 cells (33%), and triggered activity appeared in three of 15 cells (20%) when the stimulation cycle length was shortened to 100 ms ( Figure 1B-D) . DAD and triggered activity were not observed in any of these cells under normal [Ca 2+ ] i . Figure 2B ). There were significant increases in I NaL and I Kr , but not in I Ks , and decreases in I CaL and I K1 at 2-8 min compared with 1 min (P<0.05-0.01).
Time course of the effects of increased [Ca 2+ ] i on membrane ion currents
Effects of increased [Ca
2+
] i on membrane ion currents ] i , I K was (1.24±0.09) pA/pF at 1 min and was significantly increased to (2.03±0.22) pA/pF at 5 min (n=10, P<0.01 vs. both the control and increased [Ca 2+ ] i at 1 min; Figure 6A ). Specifically, I Kr-step and I Kr-tail 
Discussion
Based on the results, we concluded that (i) increased [Ca 2+ ] i decreased RMP, APA, and V max of an AP and shortened APDs; (ii) multiple ion currents were regulated in cells with increased [Ca 2+ ] i , including elevation of I NaL and I Kr and reduction of I CaL and I K1 ; (iii) DAD and triggered activity were elicited in cells exposed to increased [Ca 2+ ] i . Therefore, intracellular dysregulation of calcium homeostasis may regulate multiple membrane ion currents and cause abnormalities of cellular electrical activity.
Peak I Na is a major depolarizing current and is associated with the 0 phase of an AP. A recent study indicated that increased [Ca 2+ ] i caused a reduction of peak I Na owing to the decrease in Na + channel conductance [3] . In the present study, we found that increased [Ca 2+ ] i caused a decrease in APA and V max , which is consistent with previous reports. Maltsev et al. [21] ] i was also increased. These changes in I CaL and I Kr accelerated the repolarization of ventricular myocytes and shorted the APD. In addition, the significant decrease in I K1 was recorded after exposure to high [Ca 2+ ] i , which may decrease the RMP. In our present research, the variations of multiple ionic currents caused the abnormalities in RMP and AP. Numerous reports have indicated that abnormal cellular electrical activity was found in cells with intracellular cal- cium overload. For example, I CaL [23, 24] and I K1 [25] were decreased significantly in failed hearts, and increased [Ca 2+ ] i augmented I K in a concentration-dependent manner [26, 27] . Clinical use of digitalis [28] or loss of function of the L-type Ca 2+ channel in patients with Ca 2+ channel (CNCNA) mutations is associated with increased [Ca 2+ ] i and secondary short QT syndrome [29] .
As a second messenger, intracellular Ca 2+ modulates many ion channels by affecting the intracellular signal transduction mechanism, including gene expression and channel protein synthesis [30] . Elevated intracellular Ca 2+ activates Ca 2+ /calmodulin-dependent protein kinase II (CaMK II) and protein kinase C (PKC), and it regulates multiple ion channels including Na + , Ca 2+ , and K + channels in the myocardium [16, 18, 31, 32] . Ca 2+ -induced activation of CaMK II and PKC may be closely related to the increase in SCN5A gene expression and I NaL . Therefore, increased Ca 2+ augments I NaL through an intracellular signal transduction mechanism. An increase in I NaL caused by increased Ca 2+ should prolong the APD [33] . However, the role of increased I NaL in APD was offset by the upregulation of I Kr and the downregulation of I CaL .
Significant up-or downregulation of ion currents in ventricular myocytes causes electrophysiological abnormalities that induce seriously electrical turbulence and the genesis of arrhythmia. Decreased RMP causes increased excitability of myocytes and decreased conduction velocity of ventricular myocardium, which underlies the mechanisms of reentrant arrhythmia. Augmentation of I Kr and reduction of I CaL causes abnormal rapid repolarization and shortened APD, which is associated with short QT syndrome, with the shortened refractory period widening cardiac repolarization dispersion. Increased [Ca 2+ ] i also upregulates transient inward currents [34] , including the sodium/calcium exchanger current (I NCX ) [35] and calcium-activated Cl − current [36] . [37, 38] . These mechanisms play a role in the genesis of ventricular arrhythmias, even sudden cardiac death. Class III antiarrhythmic agents and ranolazine (an I NaL inhibitor) are effective in treating calcium overload-induced arrhythmia, suggesting that I NaL plays an important role in this pathway [33, 39] .
Conclusion
Acutely increased [Ca 2+ ] i enhances I NaL and I Kr and decreases I CaL and peak I Na and I K1 , which are associated with reductions of APD, APA, V max , RMP, and arrhythmic activity. These results can be used to explain the calcium overload-induced ventricular arrhythmias in clinical and experimental observations.
